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1.0  INTRODUCTION 


The  OCE  program  to  develop  protective  measures  for  protection  ©f  the 
SENTINEL  power  system  against  NEMP  has  entailed  a  diverse  testing  program 
in  support  of  the  design  criteria  effort.  One  phase  of  the  testing  effort 
involved  the  evaluation  of  the  shielding  effectiveness  of  various  metal 
raceways.  The  work  reported  herein  is  a  continuation  of  these  efforts 
under  Contract  No.  DA-49-129-ENG-543,  Schedule  D. 

Specifically,  this  report  describes  the  test  methods  used  and  presents 
the  data  obtained  during  an  investigation  which  had  as  its  objective  the 
determination  of  the  induced  voltages  on  conductors  in  two  types  of  cable 
trays.  The  data  is  compared  to  other  type  raceways  which  have  been  eva¬ 
luated  by  similar  test  methods  and  previously  reported^-. 

2.0  TEST  AREA  AND  SETUP 

The  test  setup  for  the  injected  current  tests  is  shown  in  Figure  1. 

The  H-field  tests  are  described  later  in  this  report.  The  test  area  was  a 
shielded  room  measuring  45  feet  x  35  feet  x  20  feet  high.  The  test  speci¬ 
men  consisted  of  24  feet  of  cable  tray  with  cover.  Both  expanded  metal 
tray  and  solid  metal  tray  were  tested.  Both  trays  were  assembled  in  accor¬ 
dance  with  the  manufacturers  suggested  assembly  practices.  Details  of  both 
cable  trays  are  shown  in  Figure  2.  Photographs  of  the  cable  trays  in  place 
in  the  test  area  are  shown  in  Figure  3.  A  metal,  shielded  connection  box 
was  attached  to  the  tray  at  the  measuring  end  to  allow  varying  conductor 
connections.  At  the  current  pulse  generator  end,  connection  to  the  tray 
was  made  through  conductors  connected  to  all  four  sides  of  the  tray  to  help 
equalize  the  current  distribution  at  this  point. 

For  test  purposes  a  three -conductor,  twisted  pair  cable  was  randomly 
placed  in  the  cable  tray,  as  well  as  several  parallel  pair  conductors.  All 
conductors  were  connected  to  the  tray  at  the  generator  end  while  induced 
voltage  measurements  were  made  between  pairs  of  conductors  and  from  conduc¬ 
tor  to  ground  at  the  measuring  end  of  the  tray. 


Aluminum  Shielded  Room  (45*  x  35'  x  20'  high) 


T  0. COPE 


Expanded 

Cable 

Tray 


FIGURE  3 


Cable  Trays  In  Place  in  Test  Area 
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3.0  INDUCED  VOLTAGE  MEASURING  SYSTEM 

The  induced  voltage  measuring  system  was  completely  shielded  with  a 
double  shield  system.  The  outer  shield  was  connected  to  the  tray  at  the 
measuring  end  and  also  at  the  exit  from  the  shielded  room.  The  inner 
shield  vas  Isolated  from  the  outer  shield  except  at  the  measurement  point 
in  the  connection  box.  The  outer  shield  was  terminated  at  its  penetration 
through  the  shielded  room  while  the  inner  shield  continued  on  outside  the 
shielded  room  to  the  voltage  measuring  instrumentation.  A  toroidal  noise 
filter  was  used  in  conjunction  with  the  measuring  cable  to  eliminate  un¬ 
wanted  noise  signals  from  flowing  on  the  measuring  cable  sheath. 

Conductor-to-conductor  and  conductor-to-ground  induced  voltage  meas¬ 
urements  were  made.  Conductor-to-conductor  Induced  voltages  were  measured 
by  means  of  a  differential  type  of  measurement.  Each  conductor  voltage  was 
fed  to  one  of  two  input  channels  of  a  differential  type  D  Tektronix  pream¬ 
plifier  and  the  difference  between  the  voltages  to  ground  appearing  on  each 
of  these  two  measuring  leads  was  displayed  an  a  535A  Tektronix  oscilloscope. 
The  input  load  resistance  across  the  conductors  at  the  time  of  measurement 
was  100  ohms.  The  conductor-to-ground  voltages  were  measured  using  a  75  ohm 
measuring  system  and  only  one  channel  of  the  Type  D  preamplifier. 

4.0  INJECTED  CURRENT  TESTS  AND  APPLIED  CURRENT  WAVE 

The  current  pulse  used  for  this  investigation  had  an  effective  rise 
time  of  1.0  microsecond  and  decayed  to  half  value  in  approximately  55  micro¬ 
seconds.  The  current  wave  measurement  was  made  with  an  0.0365  ohm  non- 
inductive  resistance  shunt  placed  in  series  with  the  cable  tray  and  ground 
with  all  other  grounds  removed.  Oscillograms  of  this  wave  shape  are  shown 
in  Figure  4.  The  peak  current  amplitude  was  1430  amperes. 

The  pulse  magnetld  field  which  couples  the  conductors  in  the  tray  Is 
produced  by  injecting  the  current  pulse  at  one  end  of  the  tray  allowing  it 
to  flow  to  ground  at  the  other  end  of  the  tray. 
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2  |is/div  sweep  rate 

547  amps/div  amplitude  calibration 


20  (is/div  sweep  rate 

547  amps/div  amplitude  calibration 


FIGURE  4  •  Wave  Shape  of  Injected  Current  Pulse 
Applied  Pulse  Current  -  I48O  amperes 
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5.0  REVIEW  CF  RELATED  PAST  WORK 

It  has  been  shown1  that  when  pulse  current  flows  on  a  conduit,  the  con¬ 
ductors  within  the  conduit  are  subjected  to  a  leakage  flux  which  induces  a 
voltage  between  conductor  and  ground.  The  flux  penetrates  at  such  areas  as 
bends  and  joints.  The  flux  penetration  time  through  these  joints  is  ex¬ 
tremely  fast  and,  therefore,  the  resultant  Induced  voltage  initial  peak 
usually  occurs  at  the  time  of  the  maximum  rate  of  change  of  the  leakage 
flux.  In  addition  to  the  induced  voltage  on  conductors  due  to  leakage  flux 
there  is  also  a  voltage  which  occurs  as  a  conductor-to-conduit  voltage  which 
is  basically  an  IR  voltage  and  is  time  variant  with  the  rate  of  current  dif¬ 
fusion  through  the  conduit  wall.  This  current  diffusion  process  takes  con¬ 
siderably  more  time  than  the  flux  leakage  through  joints  and,  consequently, 
the  resulting  conductor-to-conduit  voltage  occurs  at  a  later  time.  It  has 
been  previously  determined  that  the  time  constant  of  this  voltage  rise  due 
to  current  diffusion  through  a  conduit  wall  is  proportional  to  the  conduit 
wall  thickness  squared  and  the  permeability  of  the  material  and  inversely 
proportional  to  the  resistivity.  The  peak  induced  voltage  magnitude  is  a 
function  of  the  peak  current,  conduit  resistance,  permeability,  and  the 
shape  of  the  current  wave . 

Since  these  voltage  transients  can  propagate  throughout  the  electrical 
2 

system  ,  the  magnitude  and  wave  shape  of  both  voltage  peaks  are  of  interest. 
The  experimental  program,  thus  far,  has  evaluated  steel  conduit  in  several 
different  arrangements  and  joint  conditions,  wrought  iron  conduit,  EMT  con¬ 
duit,  and  aluminum  conduit.  Also  tested  was  aluminum  armored  shielded  cable, 
Sealtite®  flexible  tubing,  standard  electrical  flexible  tubing,  carbon  steel 
flexible  tubing,  and  stainless  steel  flexible  tubing.  The  results  of  these 
tests  are  reported  in  Reference  2.  Evaluations  were  made  by  using  both  an 
injected  current  method  and  an  H-field  exposure  method. 

®  Registered  trademark  of  Anaconda  Metal  Hose  Company 
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6.0  HUSKY  RFI  SOLID  METAL  GABLE  TRAY 

The  cable  tray  was  placed  in  the  test  area  as  shown  in  Figure  1.  A 
twisted  pair,  three -conductor  cable  was  randomly  placed  in  the  tray  and  the 
conductors  connected  to  the  tray  at  the  current  pulse  generator  end.  The 
induced  voltages  measured  on  the  conductors  during  the  current  injection 
tests  are  given  in  Table  1.  Typical  oscillograms  are  shown  in  Figure  5. 

TABLE  1 

INDUCED  VOLTAGES  ON  1VISTED  PAIR  CONDUCTORS 
IN  SOLID  METAL  CABLE  TRAY 

Applied  Peak  Current  Pulse  -  1480  amperes 
Volts 


Conductors  Measured 

1st  Peak 

2nd  Peak 

Time  of  2nd  Peak 

1  -  Grd 

O.64 

0.12 

260  us 

2  -  Grd 

0.70 

0.12 

260  us 

3  -  Grd 

0.74 

0.12 

260  us 

1-2 

0.04 

none 

1 

CM 

0.125 

none 

As  can  be  noted  from  the  table  above  and  the  oscillograms,  the  first 
peaks  in  both  the  conductor-to-ground  and  conductor-to-conductor  tests  occur 
in  a  fraction  of  a  microsecond  during  the  maximum  rate  of  change  of  flux 
which  leaks  into  the  tray  and  couples  the  closed  loop  formed  by  the  conduc¬ 
tor  and  tray.  The  second  peak  appears  on  each  of  the  conductor-to-ground 
voltage  measurements  at  the  same  time,  with  the  same  polarity  and  same  mag¬ 
nitude.  Therefore,  it  does  not  appear  between  conductors.  (The  longer 
time  conductor-to-conductor  oscillogram  is  not  shown. )  The  second  induced 
voltage  peak  occurred  at  260  microseconds,  whereas  on  conduit1  which  has  a 
much  greater  wall  thickness,  the  second  peak  occurred  at  3,500  microseconds. 
In  both  case3,  however,  the  second  peak  voltage  was  lower  than  the  first 
peak  voltage. 


FIGURE  5 


0.2  V/div 


I  ya/div 


Conductor-to-Ground  V<  0  tage 


0.1  V/div  100  ys/div 

Conduct or -to -Ground  Volt ago 


0.05  V/div  1  ys/div 

Conducto  to-Conductor  Voltage 


Conductor-to-Conductor  and  Conductor — to-Ground  Induced 
Voltages  on  Tv;isted  Pair  Conductors  in  RFI  Cable  Tray. 
Applied  Pulse  Current  -  I48O  amperes  peak 
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7.0  COPE  EXPANDED  METAL  CABLE  TRAY  WITH  COVER 

The  tray  was  placed  in  the  test  area  as  shown  in  Figure  1.  The  same 
twisted  pair,  three -conduct or  cable  as  used  in  the  solid  metal  tray  tests 
was  randomly  placed  in  the  tray  with  the  conductors  connected  to  the  tray 
at  the  current  pulse  generator  end.  The  induced  voltages  measured  on  the 
conductors  during  the  current  injection  tests  are  given  in  Table  2.  Typi 
cal  oscillograms  are  shown  in  Figure  6. 

TABLE  2 

INDUCED  VOLTAGES  ON  TWISTED  PAIR  CONDUCTORS  IN  EXPANDED 
METAL  CABLE  TRAY  HAVING  60*  OPEN  SURFACE  AREA 

Applied  Peak  Current  Pulse  -  I48O  amperes 

Volts 


Conductors  Measured 

1st  Peak 

2nd  Peak 

1  -  Grd 

30 

none 

2  -  Grd 

30 

none 

3  -  Grd 

30 

none 

1-2 

0.40 

none 

2-3 

0.40 

none 

Immediately  apparent  is  the  absence  of  the  second  peak  induced  voltage 
in  the  conductor-to-ground  measurements.  This  is  because  there  is  no  long 
time  flux  diffusion  through  the  leaky  open  material.  Comparing  conductor- 
to-ground  voltages  between  the  solid  metal  tray  and  the  expanded  metal  tray, 
the  shielding  effectiveness  of  the  solid  metal  tray  was  32.5  dB  higher.  One 
of  the  objectives  of  this  experiment  was  to  determine  this  difference.  From 
a  conductor-to-conductor  viewpoint,  the  difference  was  10  dB,  but  more  sig¬ 
nificant,  the  induced  voltages  measured  were  quite  small,  being  less  than 
0.5  volts. 
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Conductor-to-Conductor  Voltage 

FIGURE  6  Conductor-to-Conductor  and  Conduct  or -to -Ground  Induced  Voltage 
on  Twisted  Pair  Conductors  in  Expanded  Metal  Cable  Tray. 

Applied  Pulse  Current  -  l<+80  amperes 
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7.1  Expanded  Metal  Cable  Tray  -  Shielded  Twisted  Pair 


The  three -conductor  cable  was  removed  from  the  tray  and  replaced  by  a 
spirally  shielded,  twisted  pair  cable.  The  conductors  were  connected  to 
the  tray  at  the  current  pulse  generator  end  while  the  shield  was  connected 
to  the  tray  at  both  ends.  The  Induced  voltages  measured  on  the  conductors 
during  the  Injected  current  tests  are  given  In  Table  3* 

TABLE  3 


INDUCED  VOLTAGES  ON  SHIELDED.  TWISTED  PAIR  CONDUCTORS 
IN  EXPANDED  METAL  CABLE  TRAY  HAVING  60*  OPEN  AREA 

Applied  Peak  Current  Pulse  -  U+80  amperes 


Volts 


Conductors  Measured 
C  -  G 
C  -  C 


1st  Peak 


0.19 


2nd  Peak 


Time  of  2nd  Peak 
18  |is 


As  can  be  noted,  the  shielded  twisted  pair,  unlike  the  unshielded  cable, 
did  exhibit  an  Induced  voltage  second  peak  at  18  microseconds.  This  longer 
time  Induced  voltage  peak  Is  probably  a  measure  of  the  IR  drop  in  the  shield. 

Comparing  the  Induced  voltages  In  Tables  2  and  3,  the  shield  improves 
the  shielding  effectiveness  of  the  overall  wiring  system  by  about  20  dB  In 
terms  of  conductor-to-ground  voltages  and  about  6  dB  In  terms  of  conductor- 
to-conductor  voltages.  Interestingly  enough,  the  expanded  metal  tray  and 
shielded  wire  system  have  a  shielding  effectiveness  which  is  within  13.5  dB 
of  that  measured  on  the  RFI  tray  on  a  conductor-to-ground  basis  and  within 
4  dB  on  a  conductor-to-conductor  basis. 

7.2  Expanded  Metal  Cable  Tray  -  Parallel  Pair  Vires 

For  this  experiment  parallel  conductors  were  placed  In  the  expanded 
metal  tray  as  shown  in  the  following  sketch.  .  _ _ j 
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Both  conductors  were  connected  to  the  cable  tray  at  the  generator  end.  The 
induced  voltages  measured  on  the  conductors  during  the  injected  current 
tests  are  given  in  Table  4< 

TABLE  4 

INDUCED  VOLTAGES  ON  PARALLEL  CONDUCTORS  IN 
EXPANDED  METAL  CABLE  TRAYS  HAVING  60%  OPEN  AREA 

Applied  Peak  Current  Pulse  -  I48O  amperes 


Volts 

Conductors  Measured 

1st  Peak 

2nd  Peak 

1  -  Grd 

68 

none 

2  -  Grd 

76 

none 

1-2 

8 

none 

Comparing  the  parallel  pair  induced  voltages  with  those  measured  on 
the  twisted  pair,  we  find  about  a  2  to  1  increase  in  the  conductor-to- 
ground  voltages  and  a  20  to  1  increase  in  the  conduct or-to-conductor 
voltages. 


8.0  H-FIELD  TESTS 


Both  the  solid  metal  tray  and  the  expanded  metal  tray  were  also  eva¬ 
luated  for  shielding  effectiveness  in  terms  of  the  induced  voltage  measured 
in  a  conductor  loop  within  the  trays  when  the  trays  were  exposed  to  the  same 
engulfing  ri-field.  For  these  tests  the  trays  were  placed  under  an  H-field 
radiator  as  shown  in  Figure  7.  The  trays  were  fitted  with  parallel  pair 
conductors  as  shown  in  the  following  sketch  with  the  conductors  connected 
together  and  isolated  at  the  generator  end  to  form  a  loop. 


H-field  Direction 


Q± 

3" 

°T 


1 


H-field  Direction 


Solid  Metal  Tray 


Expanded  Metal  Tray 


Aluminum  Shielded  Room  (45'  x  35'  x  20 1  high) 


FIGURE  7  Test  Area  Setup  for  H-field  Tests 


This  arrangement  produced  a  loop  area  in  the  expanded  metal  tray  four  times 
that  in  the  solid  metal  tray.  The  conductor  loop  terminating  impedance  was 
the  same  as  that  used  in  the  injected  current  tests. 

The  H-field  which  engulfed  the  trays  was  non-uniform,  ranging  from 
approximately  125  to  175  amperes/meter.  The  H-field  wave  shape  is  shown  in 
Figure  8. 

The  induced  loop  voltages  measured  in  the  two  trays  are  given  in  Table 
5  and  shown  in  Figure  9. 

TABLE  5 

COMPARISON  OF  INDUCED  VOLTAGES  IN  CONDUCTOR  LOOPS 
CONTAINED  IN  EXPANDED  AND  SOLID  METAL  CABLE  TRAYS 
ENGULFED  BY  THE  SAME  H-FIELD  PULSE 

Values  given  are  corrected  for  differences  in  loop  area. 


Tray  Identification 

Volts 

Solid  Metal  Tray 

0.52 

Expanded  Metal  Tray 

15.0 

The  difference  in  shielding  effectiveness  between  the  two  trays  tested 
under  H-field  conditions  is  approximately  30  dB.  As  indicated  earlier  (sec 
tion  7.0),  under  injected  current  methods  the  difference  in  shielding  effec 
tiveness  for  the  conduct or-to-ground  measurements  was  32.5  dB  and  for  the 
c onductor-to-conductor  measurements  was  10  dB. 

9.0  COMPARISON  OF  SHIELDING  EFFECTIVENESS  OF  VARIOUS  RACEWAYS 

It  was  stated  in  the  introduction  that  the  electrical  raceway  shield¬ 
ing  evaluation  program  which  was  undertaken  under  Contract  No.  DA-49-129- 
ENG-543  involved  many  types  of  conventional  raceways,  as  well  as  armored, 
shielded  cable.  Table  6  is  an  attempt  to  compare  the  significant  data  ob¬ 
tained  from  the  program  since  its  inception.  All  the  data  compared  in 
Table  6  is  based  on  injected  current  tests  using  measured  values  obtained 
on  twisted  pair  wires  only.  To  make  the  comparison  more  realistic  and 
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FIGURE  9  Comparison  of  Induced  Voltages  in  Conductor  Loops 

Placed  in  Solid  Metal  and  Expanded  Metal  Cable  Trays. 

Trays  Exposed  to  Sane  H-Field  Pulse. 

Loop  Area  in  Expanded  Tray  4  Times  that  in  Solid  Metal  Tray. 


INDUCED  VOLTAGES  ON  TWISTED  PAIR  CO 
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usable  in  terms  of  necessary  extrapolations  to  other  currents  or  raceway 
lengths,  all  the  data  has  been  recalculated  to  compare  the  induced  voltages 
on  conductors  in  100  feet  of  raceway  carrying  1,000  amperes  peak  pulse  cur¬ 
rent  having  a  wave  shape  similar  to  that  shown  in  Figure  4* 

10.0  SUMMARY 

This  report  presents  recent  data  obtained  from  injected  pulse  current 
tests  on  cable  trays.  It  also  attempts  to  compare  the  induced  voltages 
measured  on  conductors  contained  within  other  raceways  which  were  tested. 
The  usefulness  of  the  data  in  terms  of  electrical  system  performance  is 
derived  only  when  it  is  related  to  given  NEMP  environments,  electrical  sys¬ 
tem  performance  requirements,  and  specific  electrical  system  design.  The 
data  has  been  used  in  this  context  for  Reference  2. 
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